Ambient temperature regulates many aspects of plant growth and development, but its sensors are unknown. Here, we demonstrate that the phytochrome B (phyB) photoreceptor participates in temperature perception through its temperature-dependent reversion from the active Pfr state to the inactive Pr state. Increased rates of thermal reversion upon exposing Arabidopsis seedlings to warm environments reduce both the abundance of the biologically active Pfr-Pfr dimer pool of phyB and the size of the associated nuclear bodies, even in daylight. Mathematical analysis of stem growth for seedlings expressing wild-type phyB or thermally stable variants under various combinations of light and temperature revealed that phyB is physiologically responsive to both signals. We therefore propose that in addition to its photoreceptor functions, phyB is a temperature sensor in plants.
P lants have the capacity to adjust their growth and development in response to light and temperature cues (1) . Temperature-sensing helps plants determine when to germinate, adjust their body plan to protect themselves from adverse temperatures, and flower. Warm temperatures as well as reduced light resulting from vegetative shade promote stem growth, enabling seedlings to avoid heat stress and canopy shade from neighboring plants. Whereas light perception is driven by a collection of identified photoreceptors-including the red/far-red lightabsorbing phytochromes; the blue/ultraviolet-A (UV-A) light-absorbing cryptochromes, phototropins, and members of the Zeitlupe family; and the UV-B-absorbing UVR8 (2)-temperature sensors remain to be established (3) . Finding the identity (or identities) of temperature sensors would be of particular relevance in the context of climate change (4) .
Phytochrome B (phyB) is the main photoreceptor controlling growth in Arabidopsis seedlings exposed to different shade conditions (5) . Like others in the phytochrome family, phyB is a homodimeric chromoprotein, with each subunit harboring a covalently bound phytochromobilin chromophore. phyB exists in two photo-interconvertible forms: a red light-absorbing Pr state that is biologically inactive and a far-red light-absorbing Pfr state that is biologically active (6, 7) . Whereas Pr arises upon assembly with the bilin, formation of Pfr requires light, and its levels are strongly influenced by the red/far-red light ratio. Consequently, because red light is absorbed by photosynthetic pigments, shade light from neighboring vegetation has a strong impact on Pfr levels by reducing this ratio (8) . phyB Pfr also spontaneously reverts back to Pr in a light-independent reaction called thermal reversion (9) (10) (11) . Traditionally, thermal reversion was assumed to be too slow relative to the light reactions to affect the Pfr status of phyB, even under moderate irradiances found in natural environments, but two observations contradict this view. First, the formation of phyB nuclear bodies, which reflects the status of Pfr, is affected by light up to irradiances much higher than expected if thermal reversion were slow (12) . Second, it is now clear that thermal reversion occurs in two steps. Although the first step, from the Pfr:Pfr homodimer (D2) to the Pfr:Pr heterodimer (D1), is slow (k r2 ), the second step, from the Pfr:Pr heterodimer to the Pr:Pr homodimer (D0), is almost two orders of magnitude faster (k r1 ) (Fig. 1A) (11) .
Physiologically relevant temperatures could change the magnitude of k r1 and consequently affect Pfr and D2 levels, even under illumination (Fig. 1A) . To test this hypothesis, we used in vitro and in vivo spectroscopy and analysis of phyB nuclear bodies by means of confocal microscopy. For the first of these approaches, we produced recombinant full-length phyB bearing its phytochromobilin chromophore. When irradiated under continuous red light, the in vitro absorbance at 725 nm reached lower values at higher temperatures, which is indicative of reduced steady-state levels of Pfr (Fig. 1, B and C) . We calculated the differences between the steady-state absorbance spectra in darkness and continuous red light (D absorbance). The amplitude between the maximum and minimum peaks of D absorbance, which represents the amount of Pfr, strongly decreased between 10 and 30°C (Fig. 1, D of enzymes, which exhibit increased activity over the same temperature range (13) .
We also measured with in vivo spectroscopy the steady-state levels of phyB Pfr in seedlings irradiated with continuous red or white light at different temperatures (applied only during the irradiation). Increasing temperatures reduced both the total pool of Pfr and that of D2 ( Fig. 1F and  fig. S1 ), which is considered to be the physiologically relevant species for phyB (11) . Using these data, we determined k r1 , which increased with temperature ( Fig. 1G ).
phyB nuclear body formation increases with irradiance and red/far-red light ratio (12, 14) because it depends on D2 (11). As a proxy for temperature impact on D2, we used the difference in nuclear body formation in lines of the phyB-9-null mutant rescued with unmodified phyB [phyB-yellow fluorescent protein (YFP)] or either of two chromophore pocket mutants that suppress Pfr thermal reversion in vitro with little to no effect on photoconversion (phyB S4 ). This is consistent with the notion that irradiance responses depend on k r1 and k r2 (11) , which are affected in the mutants. The size of phyB nuclear bodies varied quadratically with temperature and was largest at~20°C ( Fig. 2A and fig. S5 ). We tested the hypothesis that the negative phase of this response to temperature is the manifestation of enhanced thermal reversion reducing D2. Toward this aim, we modeled the average size of the phyB Y361F -YFP and phyB R582A -YFP nuclear bodies (tables S1 and S2) as a function of both D2 (11) and temperature effects not mediated by changes in D2 ( fig. S6 ). Then, we used this restricted model to predict D2 levels from phyB nuclear body sizes in wild-type lines (Fig. 2B) .
The difference between the apparent log D2 in wild-type and the log D2 of phyB Y361F and phyB
R582A
in the same light condition is shown in Fig. 2C (difference averaged for all light conditions). The results indicate that high temperatures decrease the apparent D2 for the wild-type phyB under a wide range of light conditions. By using the three approaches above, we showed that the activity of phyB decreases with increasing temperature (Figs. 1 and 2 RESEARCH | REPORTS changes in phyB signaling compensate for the temperature effect. The circadian clock provides an example of temperature compensation (17) . The other is that phyB perception of temperature cues controls the physiological output. A prediction of the latter hypothesis is that phyB activity (D2) should similarly affect growth independently of whether it is altered by light, temperature, or mutations that stabilize phyB. To test this prediction, we cultivated Arabidopsis seedlings (including phyB genetic variants) at the same irradiance and temperature, sorted them to the different light and temperature environments ( fig. S2) , and modeled growth under these conditions (table  S3) as a function of D2.
The growth responses to temperature ( fig. S7 ) and light (18) are not exclusively mediated by phyB (D2). Thus, we built the model in two steps: first, fitting univariate submodels describing the relationship between growth and the individual factors (D2, temperature effects not mediated by changes in D2, and activity of other photo-sensory receptors), and then combining those components in the final model. To quantify the contribution of D2 ( fig.  S8 ), we used growth at 30°C (no low-temperature inhibition of growth) ( fig. S9 ) of all genotypes, including the stabilized phyB variants and the phyB-null mutant (D2 = 0). To quantify the effects of temperature not mediated by changes in D2 ( fig. S9B) , we used the phyB mutant (no phyBmediated inhibition) at 1 mmol m −2 s −1 (at this irradiance, and at 30°C, growth is maximal, indicating that other photoreceptors do not make a strong contribution). To quantify the contribution of other photoreceptors ( fig. S10 ), we used the phyB mutant (no phyB-mediated inhibition) at a range of irradiances at 30°C (no low-temperature growth inhibition). The only statistically significant interaction among these terms was between D2 and temperature effects not mediated by changes in D2 (table S4) . Therefore, in the final model, growth was inversely related to terms representing the actions of D2, low temperatures (not mediated by changes in D2), other photo-sensory receptors, and the synergistic interaction between D2 and low temperature (not mediated by changes in D2). We then fitted to the model growth for all 200 light-temperature-genotype combinations. The relationship between observed and predicted data showed no systematic deviation from the 1:1 correlation for the different light (Fig. 3A) , temperature (Fig. 3B) , or genetic variants with altered Pfr stability (Fig. 3C) . Predicted data were obtained with D2 values affected by light, temperature, and genotype. To test the significance of temperature effects mediated by changes in the status of phyB, we recalculated growth by using D2 modified by light and genotype but not by temperature (constant 10°C). This adjustment reduced the growth model goodness of fit (Fig. 3B, inset) , indicating that the contribution of phyB-mediated temperature effects on growth is statistically significant and should not be neglected. Because we estimated the effect of D2 using data from a single temperature ( fig. S8 ), our growth model is not based on the assumption that D2 changes with temperature, thus providing confidence that the latter conclusion is genuine.
We used the growth model to compare the contribution of each of the three temperaturedependent terms to the inhibition of growth by low temperatures. phyB-mediated effects of temperature contribute to the overall temperature response (Fig. 3D) . The effects were large at low irradiances, decreased with intermediate irradiances (light reactions become increasingly important), and increased again at higher irradiances because now D2 affects growth more strongly.
Phytochromes were discovered and have been studied on the basis of their roles as light receptors in plants (6, 7) . However, our observations that temperature alters the amount of D2 for phyB ( Figs. 1 and 2 ) and its physiological output in a manner similar to light (Fig. 3) indicate that phyB should also be defined as a temperature cue receptor. phyB requires light to comply with this temperature function by needing light to initially generate the unstable but bioactive Pfr state. Temperature affects the Pfr status of phyB mainly via k r1 in the light (Fig. 1) and via k r2 during the night (19) . Receptors are often activated by their A utotrophic carbon fixation transforms more than 350 gigatons of CO 2 annually. More than 90% of the carbon is fixed by the CalvinBenson-Bassham (CBB) cycle in plants, algae, and microorganisms. The rest is converted through alternative autotrophic CO 2 fixation pathways (1, 2) . Despite this naturally existing diversity, the application of CO 2 -fixing enzymes and pathways for converting CO 2 into value-added multicarbon products has been limited in chemistry (3, 4) and biotechnology (5) . Natural CO 2 fixation delivers mainly biomass and not a dedicated product. Moreover, under optimal conditions, biological CO 2 fixation is often directly affected by the inefficiency of the CO 2 -fixing enzymes and pathways. For instance, the CBB cycle's carboxylase, RuBisCO (ribulose-1,5-bisphosphate carboxylase/ oxygenase), is a slow catalyst that shows a strong side reaction with oxygen, which leads to the loss of fixed carbon and thus photosynthetic energy by up to 30% in a process called photorespiration (6) .
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Attempts to improve biological CO 2 fixation (7) have included evolving RuBisCO toward higher reaction rate and specificity (8, 9) , engineering more efficient photorespiration (10, 11) , and transplanting natural CO 2 fixation pathways into nonautotrophic organisms such as Escherichia coli (12) (13) (14) . In contrast to these efforts, which showed only limited success, the emerging field of synthetic biology provides an alternative approach to create designer CO 2 fixation pathways. By freely combining different enzymatic reactions from various biological sources, completely artificial CO 2 fixation routes may be constructed that are kinetically or thermodynamically favored relative to the naturally evolved CO 2 fixation pathways. Several synthetic routes for CO 2 fixation have been theoretically considered (15) . However, the gap between theoretical design and experimental realization in synthetic biology has impeded the realization of such artificial pathways. For example, attempts to directly assemble synthetic pathways in living organisms are challenged by limited understanding of the complex interplay among the different enzymes used in these synthetic networks, as well as interference of the synthetic networks in the complex background of the host organism, which can lead to undesired effects such as side reactions and toxicity. Therefore, the realization of synthetic pathways requires novel strategies that first allow their testing and optimization in more defined conditions (16) (17) (18) (19) . To overcome these limitations, we decided to take a radically different, reductionist approach by assembling a synthetic CO 2 fixation cycle from its principal components in a bottom-up fashion ( fig. S1) .
A known bottleneck in natural CO 2 fixation is the efficiency of a carboxylating enzyme in a given pathway (20-22). To identify a suitable CO 2 fixation reaction for our synthetic cycle, we first compared the different biochemical and kinetic properties of all known major carboxylase classes (23) (table S1). On the basis of this analysis, we decided to rely on coenzyme A (CoA)-dependent carboxylases, and enoyl-CoA carboxylases/reductases (ECRs) in particular, because of their favorable catalytic properties. ECRs are a recently discovered class of carboxylases that operate in secondary metabolism, as well as in central carbon metabolism of a-proteobacteria and Streptomycetes, but notably not in any autotrophic CO 2 fixation pathway known so far (24). Relative to other carboxylases, including RuBisCO, ECRs span a broad substrate spectrum (25), are oxygen-insensitive, do not accept molecular oxygen as substrate, require only the ubiquitous redox cofactor NADPH (reduced nicotinamide adenine dinucleotide phosphate), and catalyze the fixation of CO 2 with high catalytic efficiency (i.e., on average better than RuBisCO by a factor of 2 to 4) (table S1) (26).
We conceived several theoretical CO 2 fixation routes that (i) start with a given ECR reaction, (ii) regenerate the carboxylation substrate to allow for continuous cycling, and (iii) feature a dedicated output reaction to channel the fixed carbon into a product (fig. S2) . In contrast to earlier approaches (15, 27), we did not restrict our design to known
